A method to fabricate catalytic membrane contactor reactors with a Pd-egg-shell distribution has been developed on α-alumina tubes, allowing excellent control over the distribution of the active phase through the wall of the alumina tube. The performance of these catalytic membrane reactors has been assessed for nitrite hydrogenation. We have shown that manipulation of the thickness of the zone containing active phase induces different diffusion lengths for nitrite and hydrogen, strongly influencing activity and selectivity. Thick active layers have proved to be more selective to nitrogen, the desired product for purification of drinking water. Surprisingly, a thick layer with active phase also induced a negative apparent order in hydrogen, which is tentatively assigned to the fact that the ratio of concentrations of reactants, hydrogen and nitrite, varies extremely in the active zone.
Introduction
Catalysts in contact with reactants and/or products in both gas-and liquid-phase are highly relevant for the chemical industry [1] [2] [3] [4] . Conventional multiphase reactors comprise slurry reactors operating with catalyst particles of typically tens of microns, i.e. stirred tanks or bubble columns, as well as packed bed trickle-phase reactors [4] [5] [6] [7] [8] with catalyst particles of a few mm typically. The most common problems encountered with slurry catalysts concerns the filtration section which is expensive and not very robust, since e.g. attrition of the catalyst particles creates fines that are difficult to separate from the liquid [4] . Catalytic packed bed trickle-phase reactors usually suffer from internal mass transfer limitations due to the relatively large catalyst support particles, necessary to limit the pressure drop. Additionally, the random packing of the catalyst bodies easily results in flow mal-distribution including stagnant zones and by-passes [4, 5, 9] . Structured catalytic reactors based on e.g. monoliths [10, 11] , foams [12] [13] [14] [15] , and cloth [16, 17] have attracted special attention in the last decades since these circumvent the necessity of filtration combined with short diffusion lengths, similar to slurry catalysts.
Catalytic membrane reactors are an interesting alternative for multiphase reactions. One of their main advantages is the well-defined gas-liquid interface independent of the flow rates of both phases [6, [18] [19] [20] [21] [22] [23] . Several reviews have been published describing and classifying catalytic membrane reactors. The most commonly used classification is based on the role of the membrane and is divided in three categories, namely extractor, contactor and distributor [21, 24, 25] . Extractors are used to suppress consecutive reactions or to increase conversion of equilibrium-restricted conversions, by selectively extracting one of the products through the membrane, integrating catalytic conversion with separation. Contactors promote a good contact between the catalyst and the reactant via the use of catalytically active membranes, integrating catalytic conversion and mixing. Contactors are a specific version of distributors, enabling well controlled distribution of one of the reactants to the reaction zone, avoiding variations in concentration in the axial direction of the reactor. This type of operation is relevant in cases that the selectivity is strongly influenced by the concentration of one of the reactants, e.g. in nitrite hydrogenation [26] and selective oxidation reactions operating with low oxygen concentration because of safety concern [21] . The major disadvantage of catalytic membrane reactors in threephase operation is poor mixing in the liquid phase, caused by the laminar regimes of the liquid stream in the relatively narrow channel. Recent work carried by Pashkova et al. [27] and Vospernik et al. [28] showed how to improve mixing and transport in the liquid channel by introducing glass beads or a static mixer inside the membrane tube. A different approach to minimize transport limitations in the liquid reactants is miniaturizing the membrane reactor, thus decreasing the diffusion length [1, 29] .
Nitrate is a common inorganic contaminant that can be found even in drinking water. In the human body, it can easily convert to nitrite, endangering health via methemoglobinemia (blue baby syndrome) or via formation of some carcinogenic nitrosamines [4, 30, 31] . Catalytic hydrogenation is a very promising technique to eliminate nitrate and nitrite from drinking water since it can convert these inorganic contaminants into harmless nitrogen. However, avoiding the formation of the undesired by-product ammonia still presents a challenge. It is known that the selectivity of nitrite hydrogenation is strongly influenced by the H/N of reaction intermediates on the catalyst surface [32] [33] [34] [35] [36] . Therefore the selectivity of the nitrite hydrogenation can be manipulated via the local concertations of hydrogen and nitrite at the active sites, which depend on the transport rate of both hydrogen and nitrite. Thus, nitrite hydrogenation is a suitable model reaction to study the mass-transfer performance of catalytic membrane reactors.
In previous work we have shown that the selectivity to N 2 of the reaction benefits from the use of a membrane contactor reactor, based on Pd supported on CNFs inside the macro-pores of an α-alumina membrane, as compared to different reactor configurations co-feeding hydrogen and nitrite to the reaction zone [37] . In short, the membrane reactor allows decreasing the H/N ratio in the reaction zone via hydrogen dosing through the membrane, resulting in higher nitrogen selectivity, without compromising the conversion level. The catalytic membrane contactor reactors used so far contained CNFs and palladium distributed throughout the α-alumina tube. Here, we report on the effect of the distribution of palladium and CNFs inside the wall of the alumina tube, investigating the influence on conversion and selectivity. Differences are to be expected because of variation of the diffusion lengths to the active sites for both reactants, similar but not identical to egg-shell structures in conventional catalyst particles, as will be discussed in detail.
Experimental

Materials used
Porous ceramic alumina (α-Al 2 O 3 ) hollow fibers with a length of 200 mm and an inner and outer diameter of 0.9 and 1.9 mm respectively, were purchased from Hyflux CEPAration Technologies, Europe. They were cut in pieces of 55 mm long to be used as catalyst support and as the skeleton of the reactor. Nickel nitrate hexahydrate (Merck), urea (Merck) and nitric acid (65%, Merck) were used to deposit nickel on the alumina hollow fibers. Ethylene (99.95% PRAXAIR), hydrogen and nitrogen (99.999% INDUGAS) were used to grow CNFs without any further purification. Palladium acetylacetonate (Alfa Aesar) and toluene (> 99.9%, Merck) were used to deposited palladium. Toluene ( > 99.9% Merck) and a two component PDMS RTV 615 kit (permacol B.V.) consisting of a vinyl terminated pre-polymer (RTV-A) and a Ptcatalysed cross-linker (RTV-B) were used for the preparation of the PDMS solution. Sodium nitrite (> 99%, Merck) was used as nitrite source for the catalytic tests.
Fabrication of the reactors
The membrane reactors were synthesized as described elsewhere (submitted to Catalysis Today). In short, a hollow α-alumina fiber was loaded with small nickel particles using nickel deposition-precipitation technique. Afterwards, CNFs were grown using a quartz tube reactor of 10 mm diameter. The hollow alumina fiber was placed inside the quartz tube and the temperature was raised to 850°C at 6°C/min using 100 ml/min of nitrogen gas. After 1 h at 850°C, a hydrogen/nitrogen mixture (50/50) was fed to the system for 2 h. Next, the temperature was cooled to 600°C under 80 ml/min of nitrogen gas. The CNF growth was performed at 600°C under a gas mixture containing 20% ethylene (C 2 H 4 ), 7% H 2 , and 73% N 2 . Three different CNF growth times were studied: 15, 22.5 and 45 min. Next, the temperature was cooled to room temperature under 80 ml/min of nitrogen gas. Any loose CNFs were removed via sonication with miliQ water. After drying the sample, palladium was deposited on the CNFs using palladium acetylacetonate precursor and was then calcined and reduced at 250°C. In the final step, the outer wall of the alumina fiber was coated with a home-made PDMS membrane. One of the reactors with CNFs grown for 45 min and without PDMS coating was crushed and sieved to a particle size of 125-250 μm.
Catalytic test
The synthesized membrane reactors were tested using the nitrite hydrogenation reaction under identical conditions. A nitrite solution (44 μmol/L NO 2 − ) saturated with argon was introduced inside the tube with a flowrate of 0.05 ml/min, while the shell of the membrane reactor was exposed to a gas mixture containing between 0.02 and 1.0 bar of hydrogen, balanced with argon. In this configuration, hydrogen is allowed to diffuse to the reaction zone through the PDMS membrane located at the outer wall of the reactor. Hydrogen and nitrite meet and react at the palladium particles located at the CNFs.
The crushed reactor without PDMS was tested in a packed bed reactor. A nitrite solution (217 μmol/L NO 2 − ) was pre-saturated in different hydrogen partial pressures (0.2, 0.5 and 1.0 bar) and fed to the catalytic bed.
All the tests were conducted at room temperature (20°C). Nitrite and ammonium (NH 4 + ) concentrations were measured at the inlet and outlet of the reactor with an in-line Ion Chromatograph (Dionex, ICS 1000). These values allowed calculating nitrite conversion and ammonia selectivity according to equations 1 and 2 respectively. The solutions were not buffered. Selectivity to nitrogen was calculated based on the mass balance and the fact that exclusively ammonia and nitrogen are formed under these conditions [32, 35, 38] (Fig. 1 ).
(1)
Characterization
The BET surface areas of the membrane reactors were determined with N 2 -adsorption obtained at 77 K (Micromeritics Tristar) using the BET isotherm. The location and morphology of the CNFs inside the pores in the wall of the membrane reactor as well as the palladium particle size were determined with High Resolution Scanning Electron Microscopy, HR-SEM (Analysis Zeiss MERLIN HR-SEM) equipped with EDX (Aztec, Oxford Instruments). Palladium particle size was determined by averaging 150 measurements on three different positions in the sample. Cross-sections were prepared with the help of a scalpel. 
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The carbon content of the membrane reactor was determined with an analytic balance by weighing the reactor before and after CNF growth. The fraction of the pore volume filled with carbon was estimated based on the amount of CNFs and the void fraction of the α-Al 2 O 3 , measured with Hg porosimetry (Quantachrome Poremaster PM33). The palladium loading was determined for every membrane reactor using X-ray fluorescence spectroscopy, XRF (Philips PW 1480).
Results
Sample preparation
The appearance of the external surface of the samples prepared with different growth times (15, 22.5 and 45 min) is very similar, all presenting a fully and homogeneously covered surface. However, noticeable differences can be observed from the cross-sections. Fig. 2 shows the location of CNFs through the wall of the alumina fiber after different CNF growth times. After 45 min, the wall is filled with 8.0 wt% CNFs (Table 1) throughout the cross-section (Fig. 2c) . In contrast, shorter growth time results in lower CNF coverage (down to 3.2 wt% for 15 min, Table 1 ), which is caused by preferential filling of the outer zone of the cross-section with CNFs. The thickness of the outer layer containing CNFs is presented in Table 1 ; note that the transition between the zones with and without CNFs is remarkably sharp (Fig. 2a  and b, 3a) . Fig. 2d-f shows that the apparent density at a fixed location of the CNFs increases with growth time. Fig. 3a shows the interface between the regions with and without CNFs for the 22.5 min sample. Fig. 3b depicts the curly and entangled morphology of the CNFs, while Fig. 3c shows alumina grains in the region without CNFs. These alumina grains contain small nickel particles, confirming that the lack of CNFs is not caused by absence of nickel particles.
Both the BET surface area and the amount of palladium scale with the amount of CNFs present in the alumina wall. Short CNF growth times result in a small amount of CNFs and therefore low surface area as well as low palladium loading. However, the differences in palladium loading are relatively less compared to CNF amount and surface area. The palladium particle size was very similar, typically 8-9 nm, in all the membrane reactors, based on HRSEM (not shown). Pd could be detected with EDX exclusively in the zone containing CNFs in Fig. 2b , despite the overall low Pd loading, whereas no Pd could be detected in the zone without any CNFs. Clearly, Pd is dominantly located within the confined CNF containing regions.
Two different values to determine pore filling are shown in Table 1 . 'CNF pore filling in carbon region' takes into account exclusively the volume of the alumina pores that actually contain CNFs, whiletotal CNF pore filling' represents an averaged value considering the pore volume of the entire alumina tube. Fig. 4 shows that the selectivity of the ammonia by-product increases with increasing hydrogen concentration supplied through the PDMS membrane. The thinner the CNF region is, the higher the ammonia selectivity becomes. For example, the sample with a CNF thickness of 200 μm reaches 100% ammonia selectivity with high hydrogen concentrations (50-100%). Fig. 5 shows that all three samples present different activities at a given hydrogen concentration. The activity of the samples with CNF thicknesses of 320 and 500 μm decreases when increasing hydrogen concentration. The sample with a CNF thickness of 200 μm presents the opposite behaviour.
Catalytic results
The sample with a CNF thickness of 320 μm was also tested at a higher flow rate (0.15 ml/min). Although the conversion decreased down to 25%, the ammonia selectivity remained almost unchanged (from 45% to 41%). Fig. 6 shows that the crushed sample with full CNF coverage (500 μm thickness) shows an increase in catalytic activity and ammonia selectivity when increasing hydrogen concentration. Remarkably, the surprising decrease in activity with hydrogen concentration (Fig. 5) changes to the opposite trend (Fig. 6 ) by crushing the membrane, which is much more usual. 4. Discussion
Egg-shell catalyst induced by diffusion limitations
CNF growth initiates at the outer shell of the α-alumina tube. The zone with CNFs moves to the centre of the tube with increasing growth time, generating egg-shell structures. This is caused by a gas flow resistance inside the alumina tube due to the small diameter of the inner tube (0.9 mm , Fig. 7) ; the area of the cross-section of the reactor tube excluding the alumina tube is two orders of magnitude larger (76 mm 2 ) than the area inside the tube (0.64 mm 2 ).
Since the gas flow prefers the path with less resistance, the gas mainly flows outside of the alumina tube rather than inside. In other words, the gas inside the alumina tube will be nearly stagnant and the ethylene transport inside the tube will mainly occur via molecular diffusion. Therefore, CNFs will grow on the inside wall at both ends of the tube, but only for a typical distance of 2-3 mm due to ethylene exhaustion. The convective gas flow outside of the alumina tube provides reactive gas to the entire outer wall of the alumina. Ethylene and hydrogen diffusing through the outside surface of the alumina tube generate a CNF layer growing from the outside inwards the macropores in the alumina wall. It is well known that nickel particles deactivate during CNF synthesis [39] ; Fig. 8 confirms the same for this study. Thus, after deactivation of the outer layer, ethylene penetrates deeper in the alumina wall, shifting the zone where CNFs form inwards. Nevertheless, CNFs become more densely packed at longer growth times (23% and 29% of pore volume filled in the CNF region after 15 and 45 min respectively, Table 1 ). Fig. 2d , e and f visually confirm that CNFs grown during 45 min appear denser, filling a larger fraction of the alumina macropores. However, the remaining pore volume is still significant ( > 70%), enabling diffusion of ethylene and hydrogen to the deeper layer via the more densely filled outer layer.
The presence of nickel particles near the inner wall of the alumina tube (Fig. 3c) clearly confirms that the CNF distribution in the alumina tube after 15 and 22.5 min is not due to mal-distribution of nickel particles. Instead, diffusion limitation of ethylene inside the macropores in the wall of the alumina tube is likely responsible. This is further 
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supported by the observation that the alumina tube contains homogeneously distributed CNFs throughout the wall at both outer ends over a distance of typically 3 mm as discussed above. Notice that the outer ends of every sample were removed before catalytic testing.
Ammonia selectivity
The H/N ratio of reaction intermediates on the surface of the catalyst strongly influences selectivity to ammonia [32, 35, 40] . High H/N ratios lead to high ammonia selectivity while low ratios favour the formation of nitrogen. Clearly, the selectivity to ammonia increases with increasing hydrogen concentration (Fig. 4) . In fact, ammonia formation requires three hydrogen molecules per nitrite (equation 4) while formation of nitrogen requires only one and a half (equation 3). Accordingly, low H coverage of the palladium catalyst is needed to suppress ammonia formation. Obviously, an optimum value exists, as too low H-surface coverage would induce very low rates.
Remarkably, all samples present very different selectivity, although all follow the same trend with hydrogen concentration (Fig. 4) . Fig. 9 confirms that the selectivity to ammonia compared at constant conversion level increases in the order 500 μm < 320 μm < 200 μm, when the conversion is at least 30%. Therefore, the same trend observed in Fig. 4 is clearly not caused by differences in conversion level. The differences are attributed to different reactant concentration profiles through the wall of the membrane reactor. Fig. 10 shows qualitatively the profiles of concentrations of hydrogen and nitrite inside the wall of the catalytic membrane reactor. As discussed above, the selectivity is controlled by the H/N ratio on the catalyst surface. This ratio varies strongly with the radial position (due to concentration gradients through the wall) as well as along the axial position, as conversion levels are well above differential conditions. Fig. 10a shows that in case of a thin layer (200 μm) filled with CNFs containing Pd, nitrite concentration reaching the palladium active sites will be relatively low since the molecular flux through the macropores in the bare alumina zone is inversely proportional to the diffusion distance, i.e. the thickness of the bare alumina zone. Clearly, nitrite needs to diffuse through the alumina macropores filled with stagnant water before reaching the region with CNFs and active palladium particles. It was estimated that when operating at 2% hydrogen concentration, the nitrite concentration reaching the reaction zone will decrease by 80% (SI Appendix A). Additionally, the relatively low nitrite concentration will meet with a relatively high hydrogen concentration since the diffusion distance of hydrogen is short due to the proximity of the CNF layer to the PDMS membrane. Additionally, the PDMS membrane does not induce a significant hydrogen gradient because the membrane is very thin (10-15 μm) and the hydrogen permeability is large (∼10 −4 cm 2 /s [41] ); a concentration decrease in the order of only 1% was estimated (SI, Appendix A). As a result, a high hydrogen concentration is combined with a low nitrite concentration, leading to high H/N ratios and consequently high selectivity to ammonia.
In contrast, when Pd on the CNFs is located throughout the wall of the membrane reactor (Fig. 10c) , nitrite concentration entering the reaction zone is significantly higher than for thin CNF layers. Additionally, the hydrogen flux will be affected by a larger reaction zone and therefore a lower averaged hydrogen concentration is expected. In this scenario, relatively low H/N ratios are expected causing low selectivity to ammonia (Fig. 4) . Fig. 10b (CNF thickness of 320 μm) depicts an intermediate situation between Fig. 10a and c. Nitrite concentration entering the reaction zone will be higher than in Fig. 10a but lower than in Fig. 10c . On the other hand, the average hydrogen concentration in the reaction zone will be higher than in Fig. 10c but lower than in Fig. 10a . This will lead to intermediate values of both the H/N as well as the ammonia selectivity (Fig. 4) .
Ideally, to minimize the formation of ammonia, the active sites on the CNFs should be positioned closer to the inner wall rather than to the outer wall of the membrane reactor. However, this could not be achieved since CNFs start growing from the reactor shell. Future work will focus on the synthesis of a catalytic reactor that presents the active phase near the liquid stream. An option that is being explored is using a CNF layer at the outer surface (15 min of CNF growth) combined with a PDMS membrane at the inner surface. In this configuration, the liquid flow would be fed to the reactor shell and the hydrogen gas stream to the inner tube. Alternatively, a thicker PDMS membrane can be coated to further increase the resistance to hydrogen diffusion. Please note that we use the term 'synthesis' here for the catalytic reactor because it is in essence at the same time a shaped single catalyst particle.
Catalytic activity
The difference in activity for the three reactors with different Pddistributions (Fig. 5) is also determined by the concentration gradients of the reactants inside the reaction zone. The reaction rate per mol palladium (Fig. 11) shows that the minor variations in palladium loading (Table 1) are not responsible for this difference in activity. It should be noted that the palladium particle size was also constant.
Surprisingly, hydrogen concentration shows quite different effects on catalyst activity in the three catalytic reactors. Figs. 5 and 10 show that the samples with CNF thickness of 320 and 500 μm are negatively affected by increasing hydrogen concentration, while the activity of the sample with a CNF thickness of 200 μm clearly benefits from an increase in hydrogen concentration, as would be expected. In other words, the apparent order in hydrogen is negative for the thicker CNF layers. This effect is clearly caused by the distribution of active sites in the membrane reactors and certainly not by the catalyst itself because a crushed reactor, operated as fixed bed, shows a positive apparent order in hydrogen (Fig. 6 ), in agreement with literature [35, 42, 43] .
The nitrite concentration in this study is similar to the lowest concentrations applied in the kinetic studies in literature, whereas the hydrogen concentrations are very similar. This would suggest that the kinetic descriptions in literature should also be valid for the conditions applied in this study, as temperature and pH are similar as well. However, kinetic experiment in conventional reactors have in common that concentration gradients in the catalyst particles, if any, can be qualitatively described as in Fig. 12a , quite different for the membrane reactor presented in Fig. 12b . Clearly, the ratio hydrogen/nitrite varies in a much wider window in a catalytic membrane reactors compared to in a catalyst particle, not only because the diffusion distance in the membrane is larger, but especially because the profiles are opposite instead of parallel in catalyst particles. In other words, in the catalytic membrane reactor, some of the palladium particles are exposed to extremely low hydrogen concentration in combination with usual nitrite concentration, as well as at the same time the opposite situation occurs at a different position in the catalytic membrane. Consequently, surface coverage of H and nitrite, or any stable N-intermediate surface compound on Pd [44, 45] will strongly vary locally; much stronger than in fixed bed or slurry catalyst.
It is well known that, assuming a Langmuir-Hinshelwood mechanism [31] , surface coverages influence experimental kinetic parameters including reaction orders and activation energies. The apparent order in e.g. hydrogen can become negative in the case of competitive adsorption with nitrite, when the H-surface-coverage would approach 100%. The observation that the reactors with a thick active zone exhibit a negative order in hydrogen, indicates that the performance of these reactors is importantly dominated by the zone in the active layer that is rich in hydrogen and poor in nitrite. In fact, the H/N ratio is apparently extremely high as competitive adsorption and negative order in hydrogen was never reported in studies using catalyst particles, with concentration gradients as in Fig. 12a . Mimicking the situation in the Hrich zone in the membrane reactor experimentally is apparently not possible as extremely low nitrite concentrations would be required.
Clearly, the catalytic reactor with a thin active zone exhibits usual kinetics, i.e. a positive order in hydrogen. This may indicate that the concentration gradients do not develop completely, preventing complete exhaustion of the reactants. In addition, the metal loading is lower (see Table 1 ), causing less developed concentration gradients. A full description of the performance of the membrane reactors would ask for modelling of both radial gradients, as discussed above, as well as axial gradients as the conversion levels are significant. This, however, would Fig. 10 . Qualitative concentrations profiles for hydrogen and nitrite inside the wall of the membrane reactor for the three different distributions of the active phase by changing the thickness of the zone containing CNFs of a) 200 μm, b) 320 μm and c) 475 μm. The zones correspond to the gas phase, the PDMS membrane, the reaction zone, the bare alumina and the liquid phase in the central channel, all separated by doted lines. require a kinetic description for the full window of concentrations and concentration ratios, which is not available at this time. Finally, catalytic membrane contactor reactors may be considered as a single catalyst particle, acting as reactor at the same time. However, variation of the distribution of active sites through the porous support influences the performance via concentration-gradients in a clearly different manor.
Conclusions
Three membrane reactors were fabricated with different well-controlled distributions of the active phase through the alumina wall. Eggshell distribution of CNFs was obtained due to diffusion limitation of ethylene during CNF growth; the thickness of the zone containing CNFs in the macro-pores of the alumina tube increases with time. As the nickel catalyst particles, responsible for CNF synthesis, deactivate slowly, the reaction front of CNF-growth slowly moves inside the tube of the alumina wall. The diffusion lengths of both nitrite and hydrogen during nitrite hydrogenation are determined by the CNF distribution because palladium is deposited on the CNFs. It was proven that, inducing different concentration gradients of nitrite and hydrogen, the activity and selectivity of nitrite hydrogenation can be manipulated, i.e. thicker reactive zones are more selective towards nitrogen. The thicker reactive zones cause local exhaustion of nitrite, resulting in a negative apparent order in hydrogen.
